Little progress has been made in modeling intake regulation in spite of the many mechanisms identified as important. A model with relatively simple inputs was developed that included compartments for protein, soluble carbohydrate, digestible fiber, and very slowly digesting fiber. Distention and chemostatic feedbacks were combined using a previously published equation. The ratio of current ruminal fill to a modulating parameter for ruminal fill represented distention feedback. The ratio of the current flow of available energy to a modulating parameter for chemostatic demand represented chemostatic feedback. The modulating parameter for ruminal fill was based on literature reports of ruminal contents. Intake was adjusted based on current fill and energy flow relative to modulating parameters for fill and chemostatic feedback. The effect of the digestible organic matter (DOM) to CP ratio on DOM intake was modeled to adjust rates of digestion, rates of passage, and the chemostatic feedback. The model tested an integrated concept of intake regulation with only CP, IVDMD, and NDF as inputs. In spite of relatively simple inputs, the model behavior in response to variation in protein, digestibility, and fiber was similar to observations of animal responses.
Introduction
Every researcher who has studied ruminant intake has formulated a "model" of the system for controlling of intake. In some cases, this may only mean that the researcher has developed opinions about what limits or stimulates intake in certain cases. These opinions are of great value; however, most researchers have not written down a description of their model and even fewer have expressed their views in mathematical form. One of the most serious limitations to mathematical representation is the complexity that can result with even the simplest biology. The objective of this research was to test a mathematical description of ruminant intake regulation that included distention, chemostatic, and protein effects. Model inputs were limited to protein (CP), 48-h IVDMD corrected for residual microbial mass, and NDF. The behavior of the model was compared with published descriptions of animal responses to variation in dietary fiber, digestibility, and protein content.
Model Description and Implementation
The model was implemented as a mechanistic, deterministic, and dynamic model (France and Thornley, 1984 ) with a set of difference equations on a spreadsheet ( Figure 1 and Table 1 ). Feed intake per hour ( I ) at time t was partitioned to the four ruminal compartments by the following proportions that sum to 1: K i1 (the proportion of protein in the diet) K i2 (the proportion of neutral detergent soluble dry matter of the diet minus protein), K i3 (the in vitro dry matter disappearance minus the neutral detergent solubles), and K i4 (the residual dry matter after in vitro dry matter disappearance) ( from each compartment were modified by the effect of protein ( P t ) . This modulating variable ( P t ) was calculated at each time t for t+1 and was the result of the following inverted Gompertz Function:
As a result, the effect of protein in the next time step ( P t+1 ) was a function of the current ratio of total organic matter digestion and protein digestion ( R t ) . The parameters g, d, and e were selected to result in a function ( P ) that declined at an increasing rate as the ratio R t increased. The parameters were loosely based on the work of Brant (1993) and Moore and Kunkle (1995) but did not represent the results of curve fitting to any set of data (Tables 1 and 2 ).
Because the rate variables for digestion and passage were recalculated at each time step "t" (Figure  1 ) as the product of each "K" and the modulating variable P t (Table 2), they are not rate "constants" in this model and will be called rate variables. Consequently, K 1d P t was the digestion rate variable for protein, K 2d P t was the digestion rate variable for rapidly fermentable carbohydrates, K 3d P t was the digestion rate variable for slowly digesting fiber, and K 4d P t was the digestion rate variable for very slowly digestible fiber. Similarly, K 1e P t was the passage rate of protein, K 2e P t was the passage rate of rapidly fermentable carbohydrates, K 3e P t was the passage rate of slowly digestible fiber, and K 4e P t was the passage rate of very slowly digestible fiber.
For estimation of P t , the ratio of organic matter digestion and protein digestion ( R t ) was calculated as
This equation implies that the effect of the protein ratio on digestion rates is proportional and similar for both carbohydrate and protein digestion. In a more complex model this assumption would probably be removed by allowing differential effects of protein on the digestion of feed components. Therefore, even though P t could have been canceled to yield the same R t , the term was retained for two reasons. The first reason was that the ratio was meant to be based on actual properties of the system that were affected by protein deficiency. In this case, the numerator was the total rate of dry matter digestion and the denominator was the protein digestion rate. The second reason was that as more complex models are developed utilizing these equations they would be likely to allow for more complex effects of protein deficiency. The distention feedback ( D t ) was calculated as follows. Fill was estimated as the sum of the contents of the two fiber compartments ( F t = [3] + [4]). The feedback was then estimated as the ratio of a modulating parameter for fill ( F n ) and F t or, written as an equation, D t = F n /F t .
The chemostatic feedback ( C t ) was calculated as follows. Current energy flow ( E t ) was estimated as the sum of the rates of digestion from the two fiber The feedback was then estimated as the ratio of the product of a modulating parameter for energy demand (E n ) and P t with E t . Written as an equation, C t = (E n P t )/E t . The modulating parameter E n was fixed at a level that has been observed to result in DM intakes similar to those of growing ruminants. The two feedbacks were combined as described previously (Fisher et al., 1987 (Fisher et al., , 1990 Fisher and Baumont, 1994) to regulate intake at time t+1 as the product of intake at time t and a function of the distention and chemostatic feedbacks. The intake regulatory function was
In this equation, I t+1 , I t , D t , and C t were defined as previously described, and a and b are fitting parameters that were chosen on the basis of previous modeling results (Table 1 ). The modulating parameters ( D t and C t ) are not maximums or minimums. In this approach, the current fill may be either greater than or less than D t and the actual flow of digested carbohydrate may be greater than or less than C t . The chemostatic effect is adjusted by the exponent aD t b for the level of distention. As a result, C t has greater influence on intake when the level of fill is low and less influence when the level of fill is high. The two feedbacks interact in determining model behavior, and neither feedback can be interpreted independently of the other.
To complete the simulation, values for each "K" were selected (Table 1) . Parameters, based on the literature and previous modeling experience, were selected to represent a single significant figure and were not fit to any data set. The absence of fitting to data maintained the focus on the objective of testing overall behavior of the model as determined by the integrated feedback controls. Oscillations of the model were damped by limiting intake adjustment with a fractional exponent (.2). Convergence occurred even when starting values differed substantially from steady-state values. The model is available as a spreadsheet via the World Wide Web (http:// www2.ncsu.edu/ncsu/cals/crop_sci/dsfisher/protmod.ht ml).
Simulations were conducted with a constructed set of combinations of protein, IVDMD, and NDF. Protein ranged from 3 to 15%, IVDMD ranged from 30 to 90%, and NDF ranged from 20 to 90%. Not all combinations were tested, and all theoretically impossible combinations were eliminated. For example, with protein at 15% the maximum NDF was limited to 80% because at 90% the estimate of slowly digesting fiber would be negative (NDS − protein = 10 − 15 = −5). A total of 98 combinations was selected to test the range of model behavior and to compare overall model behavior to animal behavior in response to varied protein, IVDMD, and NDF. Although the parameters were not adjusted, the model predictions of DMI were also compared with 38 observations of protein, IVDMD, NDF, and DMI collected during a regional study (Moore et al., 1981) . These observations included a legume (alfalfa), as well as temperate (fescue, orchardgrass) and subtropical (bahiagrass, pangola, bermudagrass, and sorghum) grasses, evaluated at multiple maturities and experimental sites.
Results and Discussion
The response of the model to variation in protein (Figure 2 ), IVDMD (Figure 3) , and NDF (Figure 4 ) demonstrated that, as expected, all three measures of nutritive value are correlated with DMI but they would not be adequate for prediction of DMI individually. These responses are similar to in vivo responses in which correlations are observed between DMI and concentrations of protein (Forbes, 1986; NRC, 1987; Brant, 1993; Moore and Kunkle, 1995) , IVDMD (Troelsen and Campbell, 1969; Freer, 1981) , and NDF (Osbourn et al., 1974; Van Soest, 1982) . In each of the three figures, variation observed in DMI at each of the selected levels of protein, IVDMD, or NDF is a result of variation in the other two measures of nutritive value. For example, when protein is less than 6 to 9% it is closely related to DMI, but when protein is >9% intake is not closely related to protein and IVDMD and NDF have a greater influence on intake (Figure 2) . Because of the wide range of combinations tested, the relationships for IVDMD (Figure 3 ) and NDF (Figure 4 ) showed more variation that would normally be present in an experimental setting. The constructed data contained some forages of low digestibility with lower NDF and higher protein than would be likely to occur. Some high quality forages were also tested with higher NDF and lower protein than would generally occur naturally.
Interactions between supplement intake and forage intake are also predicted by the model (Table 3) . For example, if a forage of moderate nutritive value and adequate protein (Forage A; 10% CP, 60% IVDMD, and 70% NDF) was supplemented with .2% BW/d of a high protein supplement (Supp. A; 35% CP, 95% IVDMD, and 10% NDF), the intake of forage was predicted to decline while total intake increased. If a forage of good nutritive value, except for protein content (Forage B; 6% CP, 70% IVDMD, and 50% NDF), was supplemented with .3% BW/d of a high energy but low protein supplement (Supp. B; 3% CP, 95% IVDMD, and 10% NDF), the protein deficiency was aggravated and both forage intake and total intake declined. If Supp. A was added at .2% BW/d to correct the protein deficiency of Forage B, the model Figure 5 . Relationship of model predictions of DMI and 38 observations of DMD from a regional study of forage quality (Moore et al., 1981) with the six points in Table 4 as filled squares.
predicted increases in both forage intake and total intake.
Although the objectives of this study were to examine general responses to CP, IVDMD, and NDF of the model, a limited comparison with in vivo observations was also included. The model was used to predict 38 observations from a regional study (Moore et al., 1981) . Some bias was observed ( Figure 5 ) but was expected because the model was not fit to any data set. The six dark squares include the three points with the greatest deviation ( Figure 5 ; Points 1, 3, and 5 ) between observations and model predictions and three points chosen for contrast ( Figure 5 ; Points 2, 4, and 6).
Although the forages represented by Points 1 and 2 had similar IVDMD, Point 2 shows good agreement between predicted DMI and observed DMI in contrast to Point 1. This may indicate that the model's negative response to a marginal protein level (6.4% CP) was too severe (Table 4) . It may also indicate that as NDF declined from 73.3 to 62.4% the model should have had a larger positive response. The forages represented by Points 3 and 4 had similar concentrations of protein. However, predictions for Point 3 resulted in large deviations between observations and predictions. In contrast to Point 4, Point 3 had lower IVDMD and higher NDF; consequently, observations indicated a much higher (2.32 vs. 1.81% BW/d) intake in the case of the forage with the poorer nutritive value. Points 5 and 6 represented forages of high and similar nutritive values. Good agreement between model prediction in the case of Point 6 and poor prediction for Point 5 contrasted sharply with Point 3. Compared with Point 3, the CP of Point 5 is more than 10 units higher, IVDMD is more than 20 units higher, and NDF is more than 16 units lower. It was difficult to reconcile an intake of 2.32% BW/d for Point 3 with the other observations. These observations make it clear that, even if the estimates of intake, CP, IVDMD, and NDF were assumed to be measured without error, prediction of the observed intakes could not be based solely upon the observed estimates of nutritive value. With the many weaknesses of the model it is striking that the agreement is so good ( r = .71) without fitting to the data set. Many opportunities to improve the predictions from this type of model exist. For example, protein quality aspects and the effects of variation in particle size on digesta kinetics could be added to improve the model before fitting to a data set.
Implications
The model provides a rigorous test of the classical theories of chemostatic, distention, and protein effects on forage intake. Because such a crude unparameterized mechanistic model of ruminant digestion can do a reasonable job of predicting intake, the chemostatic, distention, and protein effects cannot be rejected as invalid based on this study. It is likely that the underlying mechanics of the model are representing key portions of ruminant digestion as a partial solution to the problem of modeling intake control. The feedback effects are well documented and the method proposed here provides one mathematical synthesis of multiple feedbacks in a manner that, although limited by inputs, adequately mimicked in vivo performance.
